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Experimental and theoretical studies have shown that excitonic effects play an important role
in the optical properties of conjugated polymers. The optical absorption spectrum of trans-
polyacetylene, for example, can be understood as completely dominated by the formation of exciton
bound states. We review a recently developed first-principles method for computing the exciton-
ic effects and optical spectrum, with no adjustable parameters. This theory is used to study the
absorption spectrum of two conjugated polymers: trans-polyacetylene and poly-phenylene-vinylene
(PPV).

I. INTRODUCTION

During the last two decades, conjugated polymers have become an important field of study due to the very special
properties of these materials: besides having the desired mechanical properties of polymers, they can be made good
electric conductors when doped. Semiconducting polymers are also efficient for use in optical devices such as light-
emitting diodes [1]. Our basic understanding of these materials is however far behind that of the conventional
semiconductors. An accurate theoretical study of conjugated polymers would contribute to a better understanding
of their properties. With advanced ab initio methods, one should be able to predict new properties and phenomena
associated with these materials. In fact, ab initio excited-state calculations with the inclusion of quasiparticle effects
[2,3] have been able to predict from first principles the one-particle excitation spectrum of many semiconductors, with
good agreement with experiment. A recently developed theoretical approach [4-6] based on solving the Bethe-Salpeter
equation (BSE) of the two-particle Green’s function [7] also has been successfully applied to the optical spectra of
many semiconductor systems, as well as polymers [8], with the interaction between the excited electron and hole
explicitly treated. In particular, the energy and wavefunction of the coupled electron-hole states are obtained [4],
and the imaginary part of the dielectric function, related to the optical absorption of the material, is calculated from
first principles. In this article, we review the theoretical framework of this approach and discuss some of the results
obtained for polymers. We discuss the theoretical methods in section II. In section III, the calculated results for
two polymers, trans-polyacetylene and PPV, are presented together with some experimental data. The first system
is studied both as a single chain and in a crystalline environment. We summarize with some final comments and
conclusion in section IV.

II. THEORETICAL METHODS

The Hohenberg-Kohn-Sham density functional theory (DFT) has been shown to give a good description of the
ground-state properties for a variety of systems, including polymers [8,9]. It is a self-consistent field theory that
describes the ground-state properties, such as the charge density and total energy of the system, in terms of a set of
N one-electron orbitals ¢;(r) (N = number of electrons) that satisfy the Kohn-Sham equations:

h2v?
B 2m

e?p(r’)
v —r'|

+ Veat(r) + d’r' + Vae(r) | onk(r) = €nk @nx(r) (1)
Here, V,,; is the potential generated by the ions. Exchange and correlation effects are included in the exchange-
correlation potential V.. In practice, this potential is unknown, and it is modeled within the local density approxi-
mation (LDA) or generalized gradient approximation (GGA), the latter being more appropriate for systems with large
inhomogeneity in charge density. In the calculations, we solve Eq. (1) self-consistently, with the orbitals expanded



either in a set of plane waves or Gaussian-orbital basis functions [10]. The polymer is treated as infinitely long. The
theory is also able to predict the equilibrium, ground state geometry by minimizing the total energy with respect to
the position of each atom. However, the Kohn-Sham eigenvalues cannot be directly interpreted as the energy of the
quasiparticle excitations of the interacting electron system [2].

To obtain the single-particle excitations, one needs a quasiparticle theory that takes into account the fact that
the simplest excitations, quasi-electrons and quasi-holes, have wavefunctions and excitation energies different from
their non-interacting counterparts. The quasiparticle properties can be found by solving a Dyson’s equation from the
single-particle Green’s function,
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where ¥ is the self-energy operator. In the GW approximation [2], this operator is written as a product of the Green’s
function, G(r,r'), and the screened Coulomb interaction, W, between the electrons. As discussed in Ref. [2], W may
be evaluated from first principles using an RPA dielectric function.

In practice, Eq. (2) is evaluated in the basis given by the Kohn-Sham orbitals. Generally, the quasiparticle
wavefunctions and Kohn-Sham orbitals are quite similar [2,11]. In this case, the QP energy of a state {n,k} can be
written to first order as
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In the Green’s function formalism, once the QP wavefunctions and excitation energies are available, we may consider
other types of excitations, such as the coupled electron-hole excitation in optical processes. Optical properties require
a two-particle description that takes into account the interaction between the quasi-electron and hole involved in
the absorption/emission of light. The Bethe-Salpeter equation of the two-particle Green’s function provide us with
a highly accurate description of optical properties in systems where electron-hole interactions are important. The
details of the theoretical method are discussed in [4-7]. In our approach [4], the energy and wavefunction of such
excited many-electron states are explicitly calculated from the quasiparticle states obtained from the GW calculation.

The coupled electron-hole excited states are taken to be of the form |S) =3 Acvkalkavk|G), where |G) is the
ground state (that is, with no excited quasiparticles), and A.,x is a probability amplitude of having an excited electron
at state {c,k} and a hole at {v,k}. The possibility of multiple-pair processes is ignored in the regime of linear optics,
as is also the near zero momentum transfer between the incident photon and the electron-hole pair. The coefficients
Ak satisfy the secular equation [4,7]
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known as the Bethe-Salpeter equation.  is the excitation energy of the state |S), and K is the interaction kernel.
The interaction X has two contributions: an attractive direct interaction involving the screened Coulomb potential
between electron and hole, K¢, .., and a repulsive exchange interaction involving the bare Coulomb potential,
Kevk o~ The exchange interaction is allowed in spin singlet excitonic states, where the full interaction kernel is
K = K%+ 2K* (implicit indices), but not in spin triplet excitonic states, hence K = K¢. In the static screening limit,
the expressions for the exchange and direct terms in K are given below.
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An important quantity that is affected by electron-hole interactions is the macroscopic dielectric function. In
particular, the imaginary part of the dielectric function can be written as
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where the summation goes over all transitions, from ground state |G) to excited state |S). Qg is the corresponding
excitation energy, v is the velocity operator, and X is the polarization vector. The volume of the crystal, V., ensures

that the summation over states gives a finite quantity. If the excited state is assumed to have non-interacting electron
and hole, |S) = aikavk|G), then this function reduces to
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Electron-hole interactions lead to a coupling of pair configurations in the excited state, that takes the assumed form
IS) =" ok Acvkalkavk|G). In this case, the dielectric function is
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Another important quantity obtainable from our calculation is the electron-hole wavefunction: xs(rp,re) =
> ook A3 e (Th)pex(re ), which describes the correlation between the excited electron and hole.

III. RESULTS

The above approach was first applied to an infinite, isolated chain of trans-polyacetylene [8]. This is the simplest
conjugated polymer [1]. Since the structure of this polymer is well known from NMR and X-ray measurements [12,13],
we use these data for the position of the atoms in our calculation. The fact that real samples contain chains of finite
length does not conflict much with the infinitely long chain assumption since the size of typical excitonic states is
shorter than the typical chain length [1]. In the calculation, all atoms are kept stationary. An important structural
parameter is the dimerization distortion, i.e. the difference in length between the carbon single bonds and double
bonds, which we take from experiment.

The quasiparticle band structure for trans-polyacetylene, calculated with a Gaussian basis set are presented in Figure
la. The highest occupied band and lowest unoccupied band are formed from delocalized 7 states, with the expected
symmetry properties. These extended bands play an important role in the conductivity of doped polyacetylene [1].
A direct LDA energy gap of 0.74 eV is found at the X point, on the border of the Brillouin zone. Similar results for
the band structure and energy gap are obtained in a DFT-GGA calculation, using a plane wave basis set. The GGA-
computed energy gap is 0.78 eV, in good agreement with the previous result within the precision of the theory. The
width of the m bands and the lower occupied bands also agree in both calculations. The QP band structure (spectrum
of one-particle excitations) is qualitatively similar to the one at the DFT level. The most relevant difference is an
almost rigid shift of energy bands so as to increase the energy gap, that is now 2.1 eV.

Using the QP results, we solved the Bethe-Salpeter equation and evaluated the optical absorption spectrum of
trans-polyacetylene. Figure 2 shows the calculated absorption strength, i.e. the imaginary part of the dielectric
function. The polarization vector is taken along the chain direction. The dashed line shows the dielectric function
without electron-hole interaction, given by Eq. (7). The sharp peak at E, = 2.1 eV corresponds to vertical 7 — 7*
transitions, and it diverges as (hw — Eg)_l/ 2. This behavior comes directly from a one-dimensional joint density of
states, with onset at the gap energy. Transitions involving other bands occur at higher energies.

With electron-hole interactions, the absorption spectrum changes considerably. The peak at E, is suppressed by a
destructive coherent coupling of the optical matrix elements of the electron-hole pair configurations in the formation
of the excitations (see Eq. 8). Constructive coherent coupling of these matrix elements for a bound exciton give
rise to a sharp peak positioned at 1.7 eV. This corresponds to formation of an optically active exciton with the
same energy, in agreement with spectroscopic measurements that showed a maximum in ez(w) exactly at 1.7 eV [14].
Exciton-phonon coupling and /or static lattice distortion are expected to be responsible for a broadening of the exciton
peak found in the experiment. A second exciton, with excitation energy 1.8 eV, is also found in the calculation but
it is optically inactive. The absorption spectrum with polarization perpendicular to the chain direction, but still in



the polymer plane, is found to be 3 orders of magnitude weaker than the case with polarization along the chain. This
is also in agreement with experimental data [8,14]. No significant optical absorption was observed with polarization
perpendicular to the polymer plane. This anisotropy is explained by the reduced polarizability of 7 electrons at
directions perpendicular to the chain. At high energy (above 8 eV') some absorption is observed with polarization
perpendicular to the chain, due to transitions other than = — 7*.

In order to study interchain interactions in trans-polyacetylene, we have considered the crystalline phase of this
polymer. The geometrical conformation is taken from crystallographic data [13], and the chains are again considered
infinitely long. Trans-polyacetylene crystallizes in a monoclinic phase, with 2 monomers (in different chains) per unit
cell. The effect of interchain interactions is visible in the band structure (obtained from DFT-GGA calculation) in
Fig. 3. The energy splitting, particularly at the points I' and A in the first Brillouin zone are directly related to
overlapping between atomic wavefunctions sitting on neighboring chains. The small splitting indicates weak overlap.
Indeed, the distance between neighbor chains is rather large: the smallest distance between carbon atoms in different
chains is about 4 A. This is to be compared with the length of the carbon single bonds and double bonds (1.45 A and
1.36 A respectively). Another signature of weak overlap can be found in the reduced band dispersion along the paths
DBAEDB and YCXT, both perpendicular to the chain direction. Within DFT-LDA, there is a direct energy gap of
0.47 eV at the A point. These findings are in agreement with earlier theoretical calculations, using LDA [9,15] (see
Table I).

The inclusion of quasiparticle self-energy effects increases considerably the energy gap, to 2.1 eV. It is still direct
and located at the A point. This value is about 0.2 €V larger than what was reported by Ethridge et al., who used
a Hartree-Fock model with quasiparticle effects [15]. It is also larger than the experimental estimate [14], based on
the onset of the absorption coefficient as function of energy. Since excitonic effects have been demonstrated to be so
strong in the single chain case, the inclusion of electron-hole interaction effects in the crystal case is expected to yield
an optical gap close to the value of 1.7 eV found above.

The next system studied with the presented BSE approach was poly-phenylene-vinylene (PPV) [8]. It has 14 atoms
in the unit cell, and was also studied as a single polymeric chain. The quasiparticle band structure is depicted in
Figure 1b. This polymer has a direct quasiparticle energy gap of 3.3 eV, at the X point. The highest valence band
and lowest conduction band consist of extended states with wavefunctions having 7 orbitals on all the carbon atoms
in the chain, thus resulting in dispersive bands. On the other hand, the next bands (denoted 7y and 7 in Figure 1b)
are nearly dispersionless, with states localized on the phenylene rings. The distribution of atomic orbitals of states in
each one of these bands is as deduced from the electronic structure of PPV in previous studies [18].

The absorption strength of PPV is also strongly modified by excitonic effects (see the solid curve in Fig. 4). The
dashed line in Fig. 4 shows the absorption strength calculated without electron-hole interactions. The lowest energy
peak corresponds to interband transitions from highest occupied band to lowest unoccupied band. Higher energy
structures at near 5.5 eV are related to transitions m; — 75 and m» — 77, and the peak at 8 eV corresponds to
my — 75 transitions. Including electron-hole interaction, these peaks are suppressed, and the spectrum is dominated
by several new sharp peaks associated with exciton formation. The first one is located at 2.4 eV, in good agreement
with experimental results that show a sharp peak at 2.5 eV. This exciton state thus has a binding energy of 0.9 eV
with respect to the quasiparticle band gap. Other features include two sharp peaks at 4.0 eV and 4.9 eV and several
structures in the range of 5.8 — 6.9 eV. The calculated results thus explain well the observed experimental features at
3.7eV,4.8 eV and 6.0 eV [8,16]. Since these peaks occur above the energy gap, these exciton states actually interact
with the free electron-hole continuum and should be interpreted as resonant states rather than bound exciton states.
The profiles of the calculated exciton states at 2.4 eV and 4.0 eV are illustrated in Fig. 5, showing that the state at
2.4 eV is a bona fide bound state but the one at 4.0 eV is a quasi-bound or resonant state. The present results are
qualitatively similar to results obtained in several previous model Hamiltonian studies [17-19].

IV. CONCLUSION

In summary, we have discussed the optical absorption spectrum and excitonic wavefunctions of two conjugated
polymers. The calculated results are from a first-principles approach based on solving the single-particle and two-
particle Green’s function of the interacting electron system, with the full Hamiltonian. Good agreement has been
achieved with the measured spectra as well as with previous theoretical results that involved model Hamiltonians.



The optical spectrum, both for trans-polyacetylene and poly-phenylene-vinylene, is dominated by peaks associated
with bound and resonant excitonic states. In particular, the optical gap is found to be significantly smaller than the
quasiparticle gap, showing a large excitonic binding energy with respect to the free quasiparticle energies. However,
if it is defined with respect to the polaronic gap (where lattice relaxation is included), the binding energy would be
smaller.
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TABLE I. Calculated energy gap of trans-Polyacetylene (in eV)

single chain crystal (P21/n)
Kohn-Sham gap (LDA) 0.74 -
Kohn-Sham gap (GGA) 0.78 0.47
QP gap (GW) 2.1 2.1
LDA | ref. [9] - 0.36
Hartree-Fock + GW | ref. [15] 1.86 -
FIGURES

Figure 1. Quasi-particle band structure of trans-polyacetylene (a) and poly-phenylene-vinylene (b), obtained from a
GW quasiparticle calculation. In both cases, the polymer is treated as an isolated chain.

Figure 2. Absorption strength of trans-polyacetylene, with polarization vector along the chain direction. The
transverse absorption spectrum is 3 orders of magnitude weaker (see text). The dashed (solid) line is the
spectrum neglecting (including) electron-hole interaction.

Figure 3. Band structure of crystalline trans-polyacetylene, obtained from DFT-GGA calculation.
Figure 4. Same as Figure 2 for poly-phenylene-vinylene (PPV).

Figure 5. Real-space exciton wavefunction, showing the distribution of the electron relative to the hole. The z axis
is distance between electron and hole (the distribution is averaged over a plane perpendicular to the chain, and
the hole is positioned at r, = 0). Upper panel shows a bound state and lower panel shows a resonant state.
Both are optically active.
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